We argue that a relatively light massive gluon with mass 1 TeV, small purely axial couplings to light quarks and sizable vector and axial couplings to the top quark can reproduce the large forward-backward asymmetry observed at the Tevatron without conflicting with the tt and the dijet invariant mass distributions measured at the Tevatron and the LHC. We show that realistic Higgsless models with warped extra dimensions naturally fulfil all the necessary ingredients to realize this scenario. While current data is unable to discover or exclude these heavy gluons with masses ≈ 850 GeV, they should be observed at the (7 TeV) LHC with a luminosity 300 pb −1 .
Introduction
The standard model (SM) does not explain the difference between the electroweak (EW) and the Planck scales (M 2 EW ≈ 10 −32 M 2 P lanck ). The large value of the top mass makes it plausible that any new physics responsible for this difference would show up in top physics. Thus a detailed study of top properties is one of the main goals of the Tevatron and the LHC. In fact, Tevatron experiments have already observed a significant anomaly in the forward-backward asymmetry A tt in tt production [1, 2, 3] , an anomaly that is not present in the total cross section (i.e. integrated over all angles). It is not easy to explain this anomaly with current Tevatron and LHC data on dijets and top-pair production. New heavy color octect gauge bosons with axial couplings to the SM quarks, axigluons, have been proposed as possible candidates [4, 5, 7] (see also [6] for a model independent discussion). The reason, that we review below, is that axial couplings contribute maximally to the asymmetry but cancel to leading order in the total cross section.
In this article we point out a region of parameter space of these color octects that has been overlooked in the past.
1 It corresponds to relatively light m G 1 TeV gluons with small axial couplings to the light quarks and order one axial and vector couplings to the top quark. As we will show, the axial nature of the couplings to light quarks and the mass of the new gluon are enough to hide it from Tevatron data on the total cross section and the tt invariant mass distribution (M tt ) while agreeing with the observed asymmetry. At the LHC the small couplings to the light quarks (and the zero coupling to gluons) makes the heavy gluon invisible in dijet data, whereas the luminosity of the 2010 LHC run is not enough to make it visible in tt data. It should however show up clearly in the data to be collected during the 2011 run.
Interestingly enough, Higgsless models with warped extra dimensions [8, 9] naturally realize the scenario we have just discussed. In these models there are massive copies, the Kaluza-Klein (KK) excitations, of the SM gauge bosons, including the gluon, with masses bound from below by EW precision tests to be M G 0.7 TeV and from above from the fact that the KK excitations of the EW gauge bosons have to unitarize longitudinal gauge boson scattering, m G 1 TeV (the masses of the KK excitations of the gluons and the EW bosons are of the same order). At the same time it is natural that the left and right handed components of the SM fermions are localized at different points of the extra dimension, which means that their couplings to the KK gluons are in general different. Therefore, KK gluons will have both vector and axial-vector couplings to fermions:
As we will see below, constraints on these models from EW precision data tend to require the couplings of the light quarks to the KK gluon to be small and mainly axial, as it is also preferred by top data. Such axigluons have another unusual feature, namely, they do not decay into massless gluons. This can be easily understood from the orthogonality of their wave functions: the overlap between an initial massive mode and the two final (delocalized) gluons adds always to zero. The KK excitations are then far from being massive replicas of the standard zero mode, as often assumed in collider searches. Here we study under what conditions they are consistent with the data on tt production at the Tevatron and with LHC data.
The outline of the paper is as follows. In the section 2 we review the effect of new heavy gluons with vector and axial couplings on Tevatron data. In section 3 we describe the relevant features of realistic Higgsless models and how they naturally realize new axigluons compatible with Tevatron data. Section 4 is devoted to the implication of realistic models at the LHC and finally we conclude in section 5.
Vector and axial-vector gluons at the Tevatron
Before considering a more motivated model, we review the impact that a massive gluon G may have on tt physics in the simplest cases (for a related discussion see [4, 5, 7] ). We will focus on M tt and A tt , two observables that have been measured at the Tevatron with an integrated luminosity up to 5.3 fb −1 . We use the parton level asymmetry in the tt rest frame that has been measured to be [3] A tt = 0.474 ± 0.114.
We consider two different options according to the coupling of G to the light quarks:
• Coupling to vector currents (case V):
• Coupling to axial currents (case A):
For the top quark we will simply assume We have implemented the model in MADGRAPH/MADEVENT v4 [10] , used PYTHIA [11] for hadronization and showering and PGS4 [12] for detector simulation. In Fig. 1 we plot M tt distribution for case V with (g
) and a mass M G = 850 GeV. For these couplings the gluon width is Γ G ≈ 0.32M G . We have taken an integrated luminosity of 5.3 fb −1 and the cuts/acceptances described in [3] (we have normalized our samples so that our SM prediction agrees with the background-subtracted data of [3] ). The 682 semileptonic tt pairs given by this model (see Fig. 1 We obtain a 30% reduction for M tt < M G − Γ G and an excess at higher invariant masses with respect to the SM. The distribution does not show a clear peak, but the change in the slope at M tt ≈ 650 GeV would have been apparent in the data. Taking the opposite sign for the light-quark vector coupling (g q V = −0.2 g, g q A = 0) the situation is similar, although the interference is now constructive at low values of M tt .
In these models the forward-backward asymmetry will appear only at next-to-leading order, since A tt G ∝ −g q A g t A = 0 (see for example [4] ). In particular, the interference of the tree-level and the one-loop box amplitudes will provide the standard contribution, of order A tt N LO ≈ 0.09 at high invariant masses as estimated in [3] using MCFM [13] . An analogous interference between the massive gluon and the box diagrams will also contribute to the asymmetry. At M tt ≪ M G we estimate (see also [14] )
implying an additional contribution of order A tt V −N LO ≈ ∓0.04 for g q V = ±0.2 g. Therefore, the total value seems in this case V very far (over 3 σ) from the asymmetry deduced from the Tevatron data.
Case A, with a purely axial-vector coupling to the light quarks, is completely different. Both q LqL → tt and q RqR → tt parton-level cross sections will have large contributions from the interference. However, since their couplings are opposite (g
, it will be constructive in the first process and destructive in the second one, and both effects tend to cancel each other. Up to invariant masses M tt ≈ M G − Γ G where the resonant contribution becomes important, the number of tt events and their M tt distribution will be very close to the one in the standard model. Note that the top couplings do not need to be purely axial for this to happen. The region around the peak will be hidden by the low statistics if M G is large enough. In Fig. 2 we plot case A with (g
M G = 850 GeV and Γ G = 0.32M G GeV. After cuts we obtain 1042 tt pairs, a number only 12% higher than the one expected in the standard model. At M tt ≈ 600 GeV the distribution exhibits a change in the slope, but the region where the differences are important (around 750 GeV) is of little statistical significance (see a particular Montecarlo simulation in Fig. 2 right). Notice that in this model the peak at M tt = 850 ± 272 GeV is practically nonexistent, so it would be challenging to exclude it at the Tevatron even with an increased luminosity.
In contrast to the case with vector couplings to the light quarks, A tt G is in case A large: the total number of events does not change, but there is a large forward excess that coincides with the backward deficit. In the tt rest frame we obtain
Therefore, case A provides a promising framework for model building. Such a light axigluon could in principle be strongly constrained by flavor data. We show in the next section that Higgsless models with warped extra dimensions naturally realize the framework we have just described here. In such models one can implement flavor symmetries that keep these flavor constraints under control [15] . Also note that the couplings of the (t L b L ) doublet with the axigluon do not need to be too large in order to generate a sizable A tt thus further reducing constraints from B physics [16] .
Axigluons in a realistic Higgsless model
We consider the realistic warped Higgsless model proposed in [9] in which the EW symmetry is broken via boundary conditions. This can be understood as a limit with H → ∞ that forces the W, Z wave functions to vanish at the IR brane keeping their masses finite, while the physical (4dim) Higgs decouples. The Z and W bosons become then anomalous KK modes, much lighter than higher excitations and with a flatter wave function along the extra dimension. The model and its EW constraints are described in some detail in the appendix, here we just emphasize the most relevant features for tt production.
(i) The light quarks are almost flat in the extra dimension to ensure a small coupling to the gauge KK modes. The LH (RH) light quarks have a slight preference for localization towards the IR (UV) brane that naturally makes g L ≈ −g R ≈ 0.2 − 0.3g. Thus the coupling is naturally small, almost purely axial and negative.
(ii) Both components of the top (LH and RH) are localized towards the IR brane. The localization is stronger for the RH component, resulting in large couplings to the KK gluon that are neither purely vector or purely axial, but with a positive and sizable axial component.
(iii) The massive KK excitations of the EW gauge bosons unitarize W W scattering. This forces the gauge resonances (including the gluon) to have a mass below 1 TeV.
These features imply that Higgsless models naturally realize the light axigluon that we discussed in the previous section. Also, the first two points guarantee that the axial couplings of the ligth quarks and the top have opposite signs, thus giving a positive contribution to A tt as observed at the Tevatron. The relatively large axial coupling of the top and light KK gluon mass make it possible to generate a sizable asymmetry without the need of large axial couplings for the light quarks. We find remarkable that all these features are entirely imposed by constraints from EW precision data and have nothing to do with top data.
The original model proposed in [9] corresponds to a first gluon excitation with a mass M G = 714 GeV and the following couplings
resulting in a total width Γ G = 0.13 M G . In Fig. 3 -left we plot the invariant mass distribution for this model using again the luminosity (5.3 fb −1 ) and the cuts described in [3] . The total number of tt pairs is almost a 60% higher than in the SM. In addition, the 275 events between 650 and 750 GeV form a clear peak that should have been observed in the analysis of the Tevatron data. We show that with a minimal variation this model, while still consistent with EW data, improves the agreement with Tevatron data. The KK gluon mass is increased to 850 GeV by slightly changing the value of the IR scale 1/R ′ = 340 GeV (the corresponding value of the UV scale is 1/R ≈ 2.9 × 10 10 GeV, see appendix for the details). We also optimize the localization of the different quarks (while still being consistent with EW precision tests) so that the new couplings are given by
With this choice of parameters, the resonance has a width Γ G = 0.17M G . We show in Fig. 3 -right the invariant-mass distribution of the 1113 tt pairs that survive the cuts. At M tt < 600 GeV the model gives a 8% excess respect to the SM value, whereas at higher invariant masses we obtain 197 events versus 80 within the SM. This excess, together with the change in slope makes it likely that the model should have been seen in the Tevatron data, although only a detailed statistical analysis could state the confidence of the exclusion. Nevertheless it is clear that the slightly higher mass, the reduction in the vector component of the light-quark couplings, the enhancement of the top couplings and the increased width all go in the correct direction to hide the KK gluon in the invariant-mass distributions while increasing the agreement in the forward-backward asymmetry. The asymmetry for the original Higgsless model is very small whereas we find for the modified model
Adding the standard NLO contribution, of order A tt N LO ≈ 0.09 for M tt > 450 GeV, we obtain in the modified model a total asymmetry less than 2σ away from the measured value.
The model we have just presented improves the agreement with the observed asymmetry, although still at the price of making the model likely visible in Tevatron data on the tt invariant-mass distribution. The crucial point is that these models provide in a natural way (all features are enforced by EW data, completely unrelated to the top physics we are discussing) a framework that realizes a light axigluon with the right couplings. Small variations of the model can easily further improve the agreement with the observed asymmetry without conflict with current data on the invariant-mass distribution. In particular, it is clear that making the RH top coupling a bit larger will increase the asymmetry and the width of the gluon resonance, thus supressing the peak structure in the tail of the invariant mass distribution.
As an example, we have taken the following values of the couplings, with the same KK gluon mass,
resulting in a width Γ G = 0.32M G . This model is very similar to model A in the introduction. We show in Fig. 4 the tt invariant mass distribution after cuts for the model and the SM contribution (left panel) and a particular MonteCarlo simulation with the collected luminosity to show that the differences are not statistically significant (right panel). The asymmetry is increased in this case to
leaving the total asymmetry just 1.4σ below the observed value. Just like for model A in the introduction, the cross section for M tt < 600 GeV is a bit above the SM expectation (8%). This fact (that could influence the normalization of the experimental data) together with the absence of any feature (peak) along the tail would make the model difficult to see at the Tevatron.
Invariant mass distribution at the LHC
We have seen that warped Higgsless models provide a framework with all the required ingredients to explain the observed A tt without conflicting with Tevatron data on the total cross section. Even with the low integrated luminosity collected by LHC in the 2010 run, analyses of dijet and tt data are beginning to probe the parameter space of many models proposed to explain the Tevatron asymmetry. In this section we show that the Higgsless motivated model of Eq. (11) cannot be seen with the current luminosity but should be either discovered or excluded with 2011 data. Also the small couplings to light quarks and vanishing couplings to SM gluons make the model invisible in the dijet sample. We have considered a luminosity of 36 pb −1 at 7 TeV. In Fig. 5 -left we plot the number of events after cuts per 50 GeV bin, as described in [17] , for a particular Montecarlo simulation. We obtain 24 events in the 700-1000 GeV interval for our model versus 14 events for the SM. It is apparent that the low number of events makes invisible the peak around M tt = 850 GeV. Increasing the luminosity by a factor of 10 (right panel of the figure) we obtain 306 events in the 700-1000 GeV interval (versus just 138 in the SM). The excess in the signal should be enough to provide evidence for this type of gluon excitation.
As for dijet signals, the particular features of the model under consideration make it completely invisible. We show in Fig. 6 the leading dijet massive gluon or quark resonances. The first diagram has the suppression of the couplings to the light quarks giving a branching ratio BR(G → qq) ≈ 2%. The ATLAS analysis [18] is sensitive to a cross section of the order of a 10% of the one expected for an axigluon of mass 850 GeV with g A = g to the light quarks, well above the suppression in our model. To confirm this expectation we have simulated dijet events at the LHC and found that less than around 0.5% of the events pass the cuts in the analysis of [18] (the extra suppression is due to the dominant gluon initiated processes that remain unchanged in our model). The second and third diagrams of Fig. 6 exactly vanish in our model due to the orthogonality of the zero and the massive wave functions.
Summary and discussion
A strong forward-backward asymmetry may seem a very unexpected feature in the usual scenarios for physics beyond the standard model. We have argued that realistic Higgsless models with warped extra dimensions naturally provide a general framework to generate such an asymmetry. In these models one expects massive gluon excitations strongly coupled to the top quark, with much smaller couplings to light quarks and gluons (as required by dijet searches at the LHC [18] ). In addition, the vector coupling of the light quarks may be weaker than the axial-vector one (g
, which suppresses anomalies in the tt invariant mass distribution while introducing forward-backward asymmetry (note that the couplings of the top quark do not need to be mostly axial to cancel the largest contributions to the total cross section). It is remarkable that all these features are imposed on Higgsless models by EW physics rather than top physics. In particular, EW constraints force the new physics contribution to A tt to be positive, as experimentally observed.
We have shown that, while the original Higgsless model is excluded by Tevatron top data, a slight modification can increase the agreement with the tt asymmetry while making it (barely) consistent with the invariant-mass distribution. This has motivated us to propose a Higgsless inspired model that is compatible with Tevatron data.
The model consists of a massive gluon of ≈ 850 GeV with mostly axial-vector couplings to the light quarks and both vector and axial-vector couplings to the top quark. We show that the Tevatron does not have enough energy to see a peak at M tt ≈ M G , whereas the change in the slope of the M tt distribution at M tt ≈ 650 GeV is of little statistical significance. We have also shown that the LHC has enough energy to reach the resonance but not yet enough integrated luminosity. We have seen that about 10 times more luminosity than the current 36 pb −1 should be enough to probe the model. Finally, the suppressed coupling to light quarks makes the new resonance virtually invisible in dijet data.
There are some aspects of Higgsless models that we have not fully explored here and deserve further investigation. For instance, the optimal values of the couplings for the third generation quarks in the minimal realistic set-up presented in [9, 15] bring the disagreement with the observed asymmetry down to ≈ 2σ, but it seems difficult to improve this results in the context of these minimal models. Furthermore, even with such modifications, there is still a small peak that might be observable in the Tevatron data. It would be interesting to see if simple modifications, for instance in the gravitational background, could allow for a larger axial top coupling to improve the agreement with A tt and the invariant mass distribution.
We have shown that such a modification improves the level of agreement with current data on the total cross section and the asymmetry at the Tevatron while making it invisible at the LHC (both in tt and dijet data). Also, we have not included the effect of fermion KK excitations. Some of them can be relatively light and influence the collider implications of the KK gluon. It would be interesting to see in which direction these modifications go and the interplay between KK gluon searches and fermion KK searches at the LHC (see [19] for an example of these effects). In principle, the new quarks would increase the width of the resonance and decrease the branching ratio into top pairs thus making the peak even more difficult to detect at the Tevatron.
A Details of the Higgsless Model
Let us briefly review the most relevant features of a realistic Higgsless Model with flavor protection. Full details can be found in [9, 15] . The model lives in 5D with a metric
where the extra dimension is bounded R ≤ z ≤ R ′ by the UV and IR branes, respectively.
The bulk gauge symmetry is ). The flavor symmetry forces the localization of the two (2, 1) multiplets to be the same and similarly for the (1, 2) multiplets. The third generation is in an almost custodially protected representation
In this case all multiplets have Q X = 2 3
and the left and right columns of the bidoublet correspond to fields with T These boundary conditions are changed on the IR brane due to the presence of the following localized mass terms
where we denote with χ Ψ (ψ Ψ ) the LH (RH) component of field Ψ. These localized masses allow us to give a mass to the third generation of quarks and, as explained in [9] , keep Zb LbL corrections under control.
To check EWPT we canonically normalize the SM gauge fields and obtain, for a fixed value of R ′ , the parameters R, g 5L = g 5R and g 5X in terms of the measured values of M W , M Z and the electromagnetic coupling e(M Z ). We take the PDG's values [20] , M W = 80.399 GeV, M Z = 91.1876 GeV and e(M Z ) = 4π/128. As the first KK gluon mass is given roughly by m G R ′ ∼ 2.5 we choose R ′ = 2.5/0.850 TeV −1 obtaining m G = 0.848 TeV.
We neglect the mass of the first two generations and work in the zero mode approximation.
In that case, choosing c L = 0.466 and c R = −0.65 we obtain the following shifts for the Zdd vertex
and similar deviations in the up sector. We consider these values reasonably compatible with EW precision data. 2 For these values of the bulk masses, the couplings to the KK gluon G are the following
Regarding the third generation, for each value of the bulk mass parameters c Ψ L , c Ψ R and c tt , we fix M 1 and M 3 to reproduce the top and bottom masses, m t = 170 GeV and m b = 4 GeV. We find that the top mass cannot be generated, for any value of M 1 and M 3 , unless c Ψ l 0.35. Thus, we take c Ψ l = 0.35. We also choose c Ψr = −0.677 so that the corrections to the Zbb vertex that are allowed by EWPT [22] :
Finally, the Gt RtR coupling is maximized for large values of c t R although it saturates for c t R 1. We choose c t R = 1.6. With these values of the bulk masses we obtain the following couplings to the first KK gluon G:
